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To test whether the response to electrical current and heat 
treatment i s  due to the same signaling pathway that mediates me- 
chanical wounding, we analyzed the effect of electric-current ap- 
plication and localized burning on proteinase inhibitor I1 (Pin2) 
gene expression in  both wild-type and abscisic acid (ABA)-deficient 
tomato (Lycopersicon esculentum Mill.) and potato (Solanum 
phureja) plants. Electric-current application and localized burning 
led to the accumulation of Pin2 mRNA in potato and tomato wild- 
type plants. Among the treatments tested, only localized burning of 
the leaves led to an accumulation of Pin2 mRNA in  the ABA- 
deficient plants. Electric-current application, like mechanical in- 
jury, was able to initiate ABA and jasmonic acid (IA) accumulation 
in wild-type but not in ABA-deficient plants. In contrast, heat 
treatment led to an accumulation of JA in both wild-type and 
ABA-deficient plants. lnhibition of JA biosynthesis by aspirin 
blocked the heat-induced Pin2 gene expression in tomato wild-type 
leaves. These results suggest that electric current, similar to me- 
chanical wounding, requires the presence of ABA to induce Pin2 
gene expression. Conversely, burning of the leaves activates Pin2 
gene expression by directly triggering the biosynthesis of )A by an 
alternative pathway that i s  independent of endogenous ABA levels. 

Pin2 accumulates in tomato (Lycopersicon esculentum 
Mill.) and potato (Solanum phureja) leaves when subjected 
to mechanical wounding or pathogen attack, and these 
proteins are implicated in the plant defense mechanism 
(Bowles, 1990; Ryan, 1990). Gene expression of proteinase 
inhibitors, however, is controlled by environmental and 
developmental conditions. Pin2 genes are constitutively 
expressed in organs such as potato tuber and floral buds of 
both potato and tomato plants (Peiia-Cortes et al., 1991) 
and are induced in leaves following mechanical wounding. 
The wound-induced Pin2 gene activation occurs not only 
in the damaged tissue (local) but also in the more dista1 
nontreated leaves (systemic) (PeAa-Cortés et al., 1988). This 
suggests the existence of a signal that moves from the 
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injured tissue to the upper or lower leaves and leads to the 
systemic induction of Pin2 gene expression. Severa1 medi- 
ators, both chemical and physical, have been suggested as 
the putative “systemic signal.” Phytohormones such as 
ABA (PeAa-Cortés et al., 1989; Hildmann et al., 1992) and 
JA (Farmer and Ryan, 1990, 1992; Pefia-Cortés et al., 1993), 
the peptide systemin (Pearce et al., 1991), and oligosaccha- 
rides (Ryan, 1987) a11 have been demonstrated to be chem- 
ical signals. Recently, evidence was provided that supports 
the proposed role of systemin as a mobile wound signal 
(McGurl et al., 1994). Additionally, reduction of auxin con- 
centrations seems to play a role in the signal transduction 
pathway that mediates wound-induced Pin2 gene expres- 
sion (Kernan and Thornburg, 1989; Thornburg and Li, 
1991). Moreover, hydraulic and electrical signals, classified 
as physical signals, have been implicated in wound- 
induced gene expression. The appearance of variation po- 
tentials throughout most of the shoot has been reported 
following localized wounding by heating or burning (Pick- 
ard, 1973) in several plants (Wildon et al., 1989; Malone and 
Stankovic, 1991). Furthermore, Wildon et al. (1992) re- 
ported that mechanical wounding and localized burning 
generate electrical signals that are propagated through the 
plant, thereby inducing Pin2 gene expression systemically. 
However, to our knowledge no definitive evidence about 
the nature and properties of this systemic signal has been 
provided. It is also unknown whether the same signal 
mediates both local and systemic Pin2 gene activation. 
Furthermore, the involvement of several simultaneous sig- 
nals or the coordinated action of physical and chemical 
signals cannot be ruled out. 

Recently, we demonstrated that applying electric current 
to tomato leaves activated Pin2 gene expression in a local 
and systemic manner (Herde et al., 1995). Additionally, 
heat and electric-current application led to an increase in 
endogenous levels of ABA in systemic, nontreated leaves 
(Peiía-Cortés et al., 1995), with the levels being similar 
to those observed upon wounding. Nevertheless, gas- 
exchange measurements demonstrated a different behavior 

Abbreviations: JA, jasmonic acid; LOX, lipoxygenase; Pin2, pro- 
teinase inhibitor 11. 
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of photosynthetic activity, such as assimilation and tran- 
spiration rates following heat treatment. These results sug- 
gest that the heat-induced Pin2 gene expression may be 
regulated by a pathway that is different from the pathway 
mediating wound- or electric-current-induced gene expres- 
sion (Herde et al., 1995). 

Severa1 reports suggest the involvement of ABA and JA 
in wound-induced gene expression (Peíía-Cortés and 
Willmitzer 1995). Indeed, exogenous application of either 
ABA (Peca-Cortés et al., 1991; Hildmann et al., 1992) or JA 
(Farmer and Ryan 1990; Peíía-Cortes et al., 1993) initiates 
Pin2 mRNA accumulation in the absence of wounding. In 
addition, mechanical damage leads to an increase of en- 
dogenous levels of ABA and JA in both tomato and potato 
plants (Peíía-Cortés and Willmitzer, 1995). Furthermore, 
ABA-deficient plants that become impaired in ABA biosyn- 
thesis do not respond to wounding or the peptide syste- 
min. In this case there was no accumulation of Pin2 tran- 
script, ABA, or JA (Peíía-Cortés et al., 1996). 

To get a broader insight into the involvement of ABA 
and JA in the signal transduction pathway mediating 
electric-current- and heat-induced Pin2 gene expression, 
we decided to investigate the effect of these stimuli on 
Pin2 gene expression and on the endogenous levels of 
ABA and JA in tomato and potato wild-type plants, as 
well as in ABA-deficient plants. We addressed the fol- 
lowing questions: Do electrical current and heat treat- 
ment induce Pin2 gene activation in ABA-deficient 
plants? and Do these stimuli alter endogenous ABA 
and/ or JA levels in wild-type or ABA-deficient plants? 

The results show that heat treatment, like wounding or 
electric-current application, leads to a local and systemic 
activation of Pin2 gene expression and to a local and sys- 
temic accumulation of ABA and JA in wild-type plants. 
Surprisingly, this form of injury also causes a local and 
systemic accumulation of Pin2 transcript and JA in ABA- 
deficient plants. Pretreatment of whole plants with aspirin, 
an inhibitor of JA biosynthesis, abolished the accumulation 
of Pin2 mRNA following heat treatment. The results 
strongly suggest the presence of an alternative signal trans- 
duction pathway mediating heat-induced Pin2 gene ex- 
pression, which initiates the accumulation of JA indepen- 
dently of endogenous levels of ABA. 

MATERIALS AND METHODS 

Tomato (Lycopersicon esculentum Mill. cv Moneymaker) 
and ABA-deficient sitiens plants were grown in the green- 
house (26°C day/2O0C night, 7040% RH, and 14 h of light). 
Potato (Solanum phureja) and ABA-deficient droopy plants 
were grown under greenhouse conditions (22°C day/ 18OC 
night, 60-80% RH, and 12 h of light). A11 measurements 
were performed on 21- to 28-d-old plants. 

Current Application 

A direct current power supply was used and 10 V was 
provided for 30 s during electric stimulation as described 
by Herde et al. (1995). 
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Mechanical Wounding 

Serrano et al. (1986). 
Dialysis clamps were applied as described by Sanchez- 

Localized Wounding by Heat 

Heat stimulation was performed on the tip of a leaf. 
Approximately 1 cm2 was burned, according to Malone 
and Stankovic (1991). 

Cel Blot Analysis of RNA 

Plant total RNA was isolated and subjected to electro- 
phoresis (10 pg of RNA per slot) in agarose-formaldehyde 
gels as described by Logemann et al. (1987). Blotting and 
hybridization conditions were as described by Amasino 
(1986). Probes used for radioactive labeling consisted of 
potato Pin2 (cDNA 1; Sanchez-Serrano et al., 1986), TAS 14 
cDNA fragments (Godoy et al., 1990), PRP1-1 (pathogen 
defense gene from potato; Taylor et al., 1990), and small 
subunit of Rubisco cDNA (rbcS) (Eckes et al., 1986). Each 
experiment was independently repeated at least five times. 
The northern blots and ABA / JA quantitation shown in the 
various figures are representative of the average situation. 
ABA/ JA quantitation is given with sample SDS (n = 5). 

ABA and JA Quantitation 

Endogenous ABA and JA concentrations were deter- 
mined as described by Peíía-Cortés et al. (1989) and by 
Knofel et al. (1990), respectively. 

Aspirin Treatment 

Whole tomato plants were cut at the base of the stem and 
supplied with water alone or aspirin (1 mM) for 3 h as 
described by Peíía-Cortés et al. (1993). 

RESULTS 

Localized Wounding by Heat lnitiates Pin2 Accumulation in 
Both Wild-Type and ABA-Deficient Plants 

Mechanical wounding and heat treatment promote Pin2 
accumulation in both treated and nontreated systemic tis- 
sues (Wildon et al., 1992; Pefia-Cortés et al., 1995). Both 
stimuli may generate electrical signals that are propagated 
through the vascular tissue of the plants, triggering the 
Pin2 gene expression in the nontreated systemic tissues 
(Wildon et al., 1992). Recently, we reported the induction of 
Pin2 gene expression in tomato leaves following electric- 
current application. As with damage from mechanical 
wounding and heat treatment, current application was able 
to activate Pin2 gene expression in both local and systemic 
leaves of tomato plants (Herde et al., 1995). How this 
electrical signal is propagated and transduced, leading to 
the gene activation, remains unknown. Phytohormones 
such as JA and ABA have been implicated in the regulation 
of the events mediating wound response (Farmer and 
Ryan, 1992; Peíía-Cortés and Willmitzer, 1995). By using 
ABA-deficient plants impaired in ABA biosynthesis (Tay- 



Heat Induces Pin2 Gene Expression in ABA-Deficient Plants 855

lor et al., 1988; Duckham et al., 1989), the involvement of
ABA in the signal transduction chain mediating wound-
induced Pin2 gene activation was demonstrated (Pena-
Cortes et al., 1991; Hildmann et al., 1992). These plants did
not respond to mechanical injury through the accumula-
tion of Pin2, which suggests a pathway that depends on
normal ABA concentrations. It is more interesting that JA
and its methyl ester were able to induce Pin2 gene expres-
sion in ABA-deficient plants, suggesting that the site of
action of JA is located downstream of the action site of ABA
in the mechanism mediating wound-inducible gene expres-
sion (Pena-Cortes and Willmitzer, 1995). To examine
whether electric-current- or heat-induced Pin2 gene ex-
pression are mediated by a chain of events similar to that
which mediates the wound response, we investigated the
effect of these stimuli on Pin2 gene expression in both
wild-type and ABA-deficient tomato and potato plants.

Whole potato and tomato plants were mechanically
wounded, treated with electrical current, or burned at the
tip of a leaf. After 6 h, the time when wound-induced JA
accumulation reaches its highest levels (Pena-Cortes et al.,
1993), treated (Fig. 1, lane L) and nontreated (Fig. 1, lane S)
systemic leaves were harvested and analyzed for Pin2 gene
expression by northern blot. Since the effect of electric-
current and heat treatment on tomato plants was already
reported (Herde et al., 1995), the results presented in this
study were obtained with wild-type potato plants.

As expected, mechanical damage of the leaves led to a
local and systemic accumulation of Pin2 mRNA in wild-
type (Fig. 1A, Wounding) but not in ABA-deficient plants
(Fig. 1, B and C, Wounding). Extended exposure of the
autoradiograms did not reveal an accumulation of the Pin2
mRNA in ABA-deficient plants following either wounding
or electric-current application (data not shown). Similarly,
electric-current application activated Pin2 gene expression
locally and systemically only in wild-type (Fig. 1A, Cur-
rent) but not in ABA-deficient plants (Fig. 1, B and C,
Current). Heat treatment of the leaves initiated local and
systemic accumulation of Pin2 mRNA in both wild-type
(Fig. 1A, Heat) and ABA-deficient (Fig. 1, B and C, Heat)
plants. These results suggest that electric-current-induced
Pin2 gene activation in both tomato and potato plants
requires normal levels of ABA, whereas heat-induced Pin2
gene activation is regulated by an alternative pathway that
is not dependent on normal levels of ABA. To prove the
specificity of the Pin2 gene expression following electric-
current or heat treatment and to exclude the possible in-
fluence of water stress, the same blot was reprobed with
the tomato cDNA clone of TAS-14, which displays a well-
characterized ABA and water-stress response (Godoy et al.,
1990), and the rbcS cDNA (Eckes et al., 1986), which is
down-regulated following mechanical wounding (Pena-
Cortes et al., 1988). Figure 1 shows that none of the stimuli
used led to the accumulation of TAS-14 or to a relevant
decrease of rbcS mRNA. Thus, 6 h after the treatment none
of these stimuli had strongly affected rbcS gene expression.
However, 10 h after treatment reduction of rbcS mRNA
accumulation was comparable with early reported data
(Pena-Cortes et al., 1988). Analysis of total RNA from
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Figure 1. Mechanical wounding and electric-current and heat treat-
ment initiate the local and systemic accumulation of Pin2 mRNA.
Wild-type potato (A), ABA-deficient potato (B), and tomato (C) plants
were wounded (Wounding), treated with electric current (Current), or
treated with heat (Heat). Six hours after the treatment total RNA was
isolated from the treated leaves (L) and from the leaves located distal
(S) to the treated ones. The autoradiogram shows the result of a RNA
gel blot hybridization of total RNA (10 /xg per slot) against radioac-
tive Pin2 (Sanchez-Serrano et al., 1986), TAS-14 (Godoy et al.,
1990), and rbcS cDNA (Eckes et al., 1986).

leaves harvested at times shorter than 6 h does not show a
difference in the rate of accumulation of Pin2 mRNA fol-
lowing the various stimuli (data not shown).

Heat Increases ABA Levels Only in Wild-Type Plants

Mechanical damage and exogenous application of the
peptide systemin lead to an activation of Pin2 gene expres-
sion by increasing endogenous levels of both ABA and JA
in tomato and potato wild-type plants (Pena-Cortes et al.,
1995). To get a broader insight about the effect of heat and
electric-current treatment on the internal levels of these
hormones, leaves of treated wild-type tomato and ABA-
deficient plants were analyzed for their ABA and JA con-
tents. Hormone concentration was measured 6 h after the
treatment in both the directly treated leaves (local) and in
the leaves located distal (systemic) to the treated ones. As
a control, intact tomato plants were wounded mechani-
cally. As expected, both ABA (Fig. 2, wild type) and JA
(Fig. 3, wild type) accumulated in tomato wild-type plants
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Figure 2. ABA contents in tomato plants. Wild-type and ABA- 
deficient sitiens plants were mechanically wounded (wound), 
treated with electric current (current), or treated with heat (heat). 
Both directly treated (local) and nontreated distal leaves (systemic) 
were harvested after 6 h.  Endogenous levels of ABA were deter- 
mined as described in “Materials and Methods” and indicated as 
means ( n  = 5) with SDS. FW, Fresh weight. 

following wounding, whereas ABA-deficient plants did 
not show substantial changes in ABA (Fig. 2, sit iem) or JA 
(Fig. 3, sitiens) levels. As with wounding, electric-current 
treatment led to an increase of ABA and JA in both local 
and systemic leaves of wild-type plants but not in the 
ABA-deficient plants (Figs. 2 and 3, current). Similarly, 
heat treatment promoted an increase of ABA and JA in 
both tomato (Figs. 2 and 3, wild type) and potato (data not 
shown) wild-type plants to levels comparable with those 
observed following mechanical damage or electric-current 
application. Heat treatment also initiated the accumulation 
of JA in both the treated and systemic leaves of ABA- 
deficient tomato (Fig. 3, sit iem) and potato droopy plants 
(Fig. 4), which is slightly lower than the levels observed in 
the wild-type plants. 
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Figure 3. Effect of wounding and electric-current and heat treatment 
on endogenous levels of ]A. Wild-type and ABA-deficient sitiem 
plants were mechanically wounded (wound), treated with electric 
current (current), or treated with heat (heat). Both directly treated 
(local) and nontreated distal leaves (systemic) were harvested after 
6 h.  Endogenous levels of ]A were determined as described in 
”Materials and Methods” and indicated as means ( n  = 5) with SDS. 
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Figure 4. Effect of wounding and electric-current and heat treatment 
on endogenous levels of IA. ABA-deficient droopy plants were me- 
chanically wounded (wound), treated with electric current (current), 
or treated with heat (heat). Both directly treated (local) and non- 
treated dista1 leaves (systemic) were harvested after 6 h.  Endogenous 
levels of JA were determined as described in “Materials and Meth- 
ods.” FW, Fresh weight. 

Aspirin lnhibits Heat-lnduced Pin2 Gene Expression 

Different LOX inhibitors repress the activation of certain 
genes that require the biosynthesis of JA (Staswick et al., 
1991; Staswick, 1992). Doherty et al. (1988) demonstrated 
that the wound response in plants can be inhibited by 
aspirin and related hydroxy-benzoic acids. In addition, we 
and others have recently confirmed that aspirin (or salicylic 
acid) inhibits wound-induced Pin2 gene expression 
(Doares et al., 1995) by blocking the wound-induced accu- 
mulation of JA (Pefia-Cortés et al., 1993). To confirm the 
involvement of endogenous JA in Pin2 gene activation 
following heat treatment, whole tomato wild-type plants 
were cut at the base of the stem and supplied with either 
water (Fig. 5, lane 1) or a solution containing 1 mM aspirin 
for 3 h (Fig. 5, lanes 2-9). The plants were subsequently 
burned and kept in water for 6 h (Fig. 5, lanes 4-9), after 
which the directly treated leaves and the distal leaves were 
examined for Pin2 gene expression. Northern blot analysis 
of total RNA showed that aspirin prevented the accumu- 
lation of Pin2 mRNA following heat treatment (Fig. 5, lanes 
4-9, representing three different plants). The same blot was 
hybridized with a potato cDNA encoding for PRP-1 (Taylor 
et al., 1990), and it revealed the activation of these genes as 
a result of the treatment with aspirin (Fig. 5, lanes 2 and 3). 
Localized burning did not affect the aspirin-induced PRP-1 
gene expression (Fig. 5, lanes 4-9). Quantitation of the 
endogenous levels of JA in the same samples used for the 
gene expression analysis shows that the aspirin treatment 
leads to an inhibition of the heat-induced accumulation of 
JA and that the values are similar to those observed before 
treatment (data not shown). These results strongly suggest 
that localized burning of the leaf leads to an activation of 
Pin2 gene expression by triggering the biosynthesis of JA. 

DISCUSSION 

In this work we describe the effect of electric-current and 
heat treatment on Pin2 gene expression and on the endog- 
enous contents of ABA and JA in both wild-type and 
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Figure 5. Aspirin blocks the heat-induced Pin2 gene expression.
Whole, wild-type tomato plants were cut at the base of the stem and
supplied with water alone (lane 1), 1 rriM aspirin (lanes 2 and 3), or
1 mM aspirin for 3 h and subsequently treated with heat (lanes 4-9)
representing three different plants. Both directly treated (L) and non-
treated systemically induced leaves (S) were harvested after 6 h. The
RNA gel blot was hybridized against Pin2, PRP-1 (Martini et al.,
1993), and rbcS cDNA probes.

ABA-deficient potato and tomato plants. Examination of
Pin2 gene expression by northern blot analysis revealed
that application of electric current initiates the local and
systemic accumulation of Pin2 mRNA, ABA, and JA in
wild-type plants but not in ABA-deficient plants. These
results indicate that wound-induced and electric-current-
induced Pin2 gene expression share some common steps,
which may require the presence of normal endogenous
levels of ABA to trigger the later steps involved in gene
activation. Furthermore, application of electric current or
wounding led to an accumulation of JA only in the wild-
type plants but not in ABA-deficient plants. These data
strongly suggest that wound-induced or electrically in-
duced JA accumulation may require certain levels of ABA
that exist in the wild-type plants but not in the ABA-
deficient plants, which support the hypothesis that the site
of JA action is located after the site of ABA action in the
signal chain mediating the activation of Pin2 gene expres-
sion (Pena-Cortes and Willmitzer, 1995).

Local burning of potato and tomato leaves results in a
local and systemic accumulation of Pin2 mRNA in wild-
type plants. In contrast to mechanical damage and electric-
current application, heat treatment leads to a local and
systemic activation of Pin2 gene expression in ABA-
deficient potato and tomato plants. Analysis of the expres-
sion of a water-stress- and ABA-responsive gene such as
TAS-14 reveals that none of the three stimuli affect the
expression of this gene, which suggests that the increased
levels of ABA, as a result of wounding, electric-current, or
heat treatment, are either not enough to activate water-
stress-induced gene expression or ABA accumulates in a
location different from that induced following water-stress
conditions.

Measurements of endogenous levels of ABA and JA fol-
lowing heat treatment reveal an increase in the level of
both hormones in wild-type plants, suggesting an activa-
tion of both ABA and JA biosynthesis. ABA-deficient
plants do not respond to this stimulus by accumulating
ABA, which supports their inability to synthesize this hor-
mone under any stress condition (Taylor et al., 1988; Duck-
ham et al., 1989). ABA-deficient plants accumulate JA upon
heat treatment, suggesting an activation of JA biosynthesis
that does not require elevated levels of ABA. Since exoge-
nous application of JA does not lead to an accumulation of
ABA (Pena-Cortes et al., 1996), the accumulation of this
hormone in wild-type plants upon heat treatment suggests
that this stimuli has the capacity to activate two biosyn-
thetic pathways independently (i.e. ABA and JA biosyn-
thesis). Furthermore, the accumulation of JA in ABA-
deficient plants suggests that heat treatment is able to
activate JA biosynthesis independently of the internal lev-
els of ABA and also supports the hypothesis that wound-
induced (or electric-current-induced) JA accumulation re-
quires a previous increase (or at least a certain level) of
endogenous ABA, which does not occur in ABA-deficient
plants. As in wild-type plants, aspirin treatment blocks the
heat-induced Pin2 gene expression in the ABA-deficient
plants (data not shown). This suggests that the levels of JA
accumulated following heat treatment, although lower
than the levels accumulated in wild-type plants, seems to
be sufficient for triggering Pin2 mRNA accumulation. Re-
cently, we demonstrated that exogenous application of
ABA leads to an increase in JA levels in tomato and potato
plants (Pena-Cortes et al., 1996). Furthermore, the effect of
ABA on linolenic acid, the precursor of JA, metabolism has
already been demonstrated (Abian et al., 1991) as well as
the activation of LOX gene expression (Melan et al., 1993),
which is involved in the wound-induced accumulation of
JA (Bell et al., 1995). These results indicate that ABA may
influence the early steps involved in JA biosynthesis by the
release of linolenic acid or through the conversion of lin-
olenic acid to 13S-hydroperoxy linolenic acid by the action
of LOX.

Involvement of endogenous JA in regulating gene ex-
pression has been well documented (Sembdner and
Parthier, 1993). For instance, LOX inhibitors block the ac-
tivation of vegetative storage protein genes following
wounding and petiole girdling (Staswick et al., 1991). Ad-
ditionally, aspirin and salicylic acid prevent wound-
induced Pin2 mRNA accumulation by inhibiting JA bio-
synthesis (Pena-Cortes et al., 1993). In this work we
confirm the inhibitory effect of aspirin on JA biosynthesis
and describe the capability of this substance to repress the
heat-induced accumulation of Pin2 mRNA. Several studies
have demonstrated the role of salicylic acid and aspirin in
the plant defense response against pathogens (Malamy and
Klessig, 1992; Raskin, 1992; Vernooij et al., 1994). Applica-
tion of exogenous salicylic acid to tobacco plants leads to
an induction of systemic acquired resistance and accumu-
lation of pathogen-related proteins, thus increasing the
capability of the plants to confront virus infection (Enyedi
et al., 1992; Gaffney et al., 1993).
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As illustrated in Figure 5, our results confirm the activa- 
tion of pathogenesis-releated gene expression in tomato 
plants following aspirin treatment. The fact that aspirin 
concurrently inhibits wound-induced JA biosynthesis and 
activates pathogen-related protein gene expression reveals 
the presence of two, partially different signal transduction 
pathways mediating wound and pathogen responses. Ad- 
ditionally, these results suggest a crucial role for aspirin in 
the regulation of these signaling pathways. Thus, similar to 
salicylic acid (Doares et al., 1995), aspirin may simulta- 
neously turn off the wound response through inhibiting JA 
biosynthesis, and turn on the pathogen response by acti- 
vating pathogen-related protein gene expression. This ac- 
cords with recent results that indicate that the pathogen 
response and the acquired resistance occur independent of 
JA in barley plants (Kogel et al., 1995). 

JA is synthesized in plants from linolenic acid by an oxi- 
dative pathway that is similar to the one that leads to the 
synthesis of eicosanoids in animals. Indeed, the chemical 
structure of JA is very similar to that of prostaglandins (Vick 
and Zimmermann, 1987). It is interesting that eicosanoid syn- 
thesis is also triggered by certain traumatic conditions, such 
as mechanical, chemical, or other types of injury (Ferreira, 
1977; Euler, 1988). The structural similarity between JA and 
eicosanoids and the fact that both JA and eicosanoids accu- 
mulate following stress conditions strongly suggest the exis- 
tente of a closely related pathway in animal and plant cells 
and support the assumption that some common features may 
be involved in the modulation of both biosynthetic pathways. 

Mechanical damage, electric-current application, and 
heat treatment a11 activate Pin2 gene expression locally and 
systemically. Although heat treatment and mechanical 
damage have been demonstrated to generate electrical sig- 
nals that may be propagated through the vascular tissue, 
thereby leading to the systemic activation of Pin2 gene 
expression (Wildon et al., 1989, 1992), no definitive evi- 
dente has been provided that shows that both stimuli are 
mediated by the same chain of events. Recently, gas- 
exchange measurements of photosynthetic parameters 
such as assimilation and transpiration rates before, during, 
and after heat treatment, electric-current application, or 
mechanical damage demonstrated different classes of re- 
sponses (Peiia-Cortés et al., 1995). Indeed, mechanical 
wounding or electric-current stimulation activated two 
characteristic time constants in the gas-exchange relaxation 
kinetics. Conversely, heat stimulation led to only one major 
time constant, suggesting a possible alternative pathway 
regulating heat-induced Pin2 gene expression (Herde et al., 
1995). Rapid and systemic hydraulic events, called ”hydraulic 
signals,” are triggered by localized wounds in different 
plants, including tomato (Boari and Malone, 1993). These 
signals are transmitted from the wound site but they cannot 
by themselves induce proteinase inhibitors (Malone et al., 
1994a). A rapid hydraulic signal does not provide a specific 
signal for wounding, which suggests that these signals per se 
are not the proteinase inhibitor inducing factor (Malone et al., 
1994b). Nevertheless, the hydraulic signal seems to be an 
essential requirement for the systemic induction of proteinase 
inhibitors by localized treatments (Malone et al., 1994a). 

More recently, it was shown that long-distance wound 
signals in tomato can pass freely through heat-killed re- 
gions, indicating that neither electrical transmission nor 
phloem transport is involved (Malone and Alarcón, 1995). 
Since xylem remains fully functional after heat treatment, 
the authors concluded that xylem is the primary route for 
wound signals in tomato, postulating the hydraulic- 
dispersa1 model of systemic wound signaling. Neverthe- 
less, no definitive evidence has been provided that 
shows that the transmission of electrical events is limited 
to the phloem, so we cannot exclude the possibility that 
electrical events are also propagated through the xylem 
or another tissue. Thus, burning of the leaf may cause a 
massive hydraulic event, which, in an unknown form, 
may influence the stability of the membrane triggering 
the biosynthesis of JA and the subsequent activation of 
Pin2 gene expression. Accepting this hypothesis and 
considering that mechanical damage or electric-current 
application do not activate JA accumulation or Pin2 
genes in ABA-deficient plants, we postulate that either 
(a) the response to both stimuli is mediated by a different 
pathway in which a component in the signal pathway is 
missing (i.e. ABA) or (b) that the treatment conditions 
are not strong enough to lead to the hydraulic events 
generated by heat treatment. Rapid, systemic, hydraulic 
signals are also transmitted from leaves subjected to 
mechanical damage, but they are much smaller in mag- 
nitude than those observed following scorching of a 
single leaflet. Additionally, multiple mechanical wound- 
ing induces larger hydraulic signals than those following 
single wounds (Malone et al., 1994a). Multiple damage of 
ABA-deficient plants did not initiate Pin2 mRNA accu- 
mulation or JA accumulation (data not shown), which 
indicates that hydraulic signals alone are not sufficient to 
activate Pin2 gene expression systemically. This result 
confirms early observations described by Malone et al. 
(1994a). Furthermore, these data suggest that localized 
wounding by burning leads to the release of an addi- 
tional signal (e.g. chemical signal) involved in the acti- 
vation of Pin2 gene expression by a signaling pathway 
independently of ABA levels. 

Different conditions used to damage the ABA-deficient 
plants in a massive form did not lead to an accumulation 
of Pin2 mRNA in the tissues of these plants (data not 
shown). If the heat treatment represents a more vigorous 
effect than mechanical wounding or electric-current ap- 
plication, we would expect to see differences in wild- 
type plants. For instance, higher levels of JA and ABA 
after heat treatment would be expected. However, the 
levels of both ABA and JA are even lower after heat 
treatment than after mechanical wounding in these 
plants (Figs. 2 and 3). Furthermore, comparison of the 
levels of JA in ABA-deficient plants after heat treatment 
and ABA treatment (Peiia-Cortés et al., 1996) shows that 
heat-induced JA accumulation is lower than the levels 
observed following ABA treatment. These results sug- 
gest that heat treatment does not lead to an activation of 
the pathways involved in wound response in a manner 
stronger than mechanical wounding. 
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The results presented i n  this report support  the existence 
of a n  alternative chain of events mediating heat-induced 
Pin2 gene expression that does not  require the involvement 
of ABA. This pathway involves the activation of the JA 
biosynthetic pathway by localized burning of the leaves. 
Studies using aspirin suggest that heat  treatment either by 
itself, by generating hydraulic signals, or by releasing a 
factor triggers the JA biosynthetic pathway i n  a s tep lo- 
cated before hydroperoxide dehydrase, presumably affect- 
ing lipase or LOX activity (Vick and Zimmermann, 1983). 
Additionally, we reported the inhibition of heat-induced 
Pin2 gene expression by aspirin treatment a n d  the simul- 
taneous activation of pathogenesis-related gene expression 
in tomato plants, suggesting a role for aspirin (salicylic 
acid) i n  the regulation of t w o  different pathways. 

ACKNOWLEDGMENTS 

We thank R. Breitfield for taking care of the plants in the 
greenhouse, A. Voigst for the photographic work, and Dr. J. Pin- 
tor-Toro and Dr. G. Strittmatter for providing TAS-14 cDNA and 
PR-1 cDNA, respectively. We also thank Dr. R. Trethewey for 
helping to correct this manuscript. 

Received December 11, 1996; accepted June 28, 1996. 
Copyright Clearance Center: 0032-0889/96/ 112/0853/08. 

LITERATURE CITED 

Abian J, Gelpí E, Pages M (1991) Effect of abscisic acid on the 
linolenic acid metabolism in developing maize embryos. Plant 
Physiol 95: 1277-1283 

Amasino RM (1986) Acceleration of nucleic acid hybridization 
rate by polyethyleneglycol. Anal Biochem 152: 304-307 

Bell E, Creelman RA, Mullet JE (1995) A chloroplast lipoxygenase 
is required for wound-induced jasmonic acid accumulation in 
Arabidopsis. Proc Natl Acad Sci USA 9 2  8675-8679 

Boari F, Malone M (1993) Wound-induced hydraulic signals: sur- 
vey of occurrence in a range of species. J Exp Bot 44 741-746 

Bowles D (1990) Defense-related proteins in higher plants. Annu 
Rev Biochem 59: 873-907 

Doares SH, Narváez-Vázquez J, Conconi A, Ryan CA (1995) 
Salicylic acid inhibits synthesis of proteinase inhibitors in to- 
mato leaves induced by systemin and jasmonic acid. Plant 
Physiol108: 1741-1746 

Doherty HM, Selvendran RR, Bowles DJ (1988) The wound 
response of plants can be inhibited by aspirin and related 
hydroxy-benzoic acids. Physiol Mo1 Plant Pathol 33: 377-384 

Duckham SC, Taylor IB, Linforth RST, AI-Naieb RJ, Marples 
BA, Bowman WR (1989) The metabolism of &-ABA aldehyde 
by the wilty mutants of potato, pea and Arabidopsis thaliana. 

Eckes P, Schell J, Willmitzer L (1986) Organ specific expression of 
three leaf/stem specific cDNAs from potato is regulated by 
light and correlated with chloroplast development. Mo1 Gen 
Genet 199: 216-224 

Enyedi AJ, Yalpami N, Silverman I', Raskin I (1992) Localization, 
conjugation, and function of salicylic acid in tobacco during the 
hypersensitive reaction to tobacco mosaic virus. Proc Natl Acad 
Sci USA 89: 2480-2484 

Euler US (1988) Biology of prostanoids. In PB Curtis-Prior, eds, 
Prostaglandins Biology and Chemistry of Prostaglandins and 
Related Eicosanoids. Churchill Livingstone, New York, pp 1-7 

Farmer EE, Ryan CA (1990) Interplant communication: airborne 
methyl jasmonate induces synthesis of proteinase inhibitors in 
plant leaves. Proc Natl Acad Sci USA 87 7713-7716 

J EXP Bot 40: 901-905 

Farmer EE, Ryan CA (1992) Octadecanoid precursors of jasmonic 
acid activate the synthesis of wound-inducible proteinase inhib- 
itors. Plant Cell 4: 129-134 

Ferreira SH (1977) Inflammatory pain and fever. In F Berti, B 
Samuelsson, GP Velo, eds, Prostaglandins and Thromboxanes. 
Plenum, New York, p 433 

Gaffney T, Friedrich L, Vernooij B, Negrotto D, Nye G, Uknes S ,  
Ward E, Kessmann H, Ryals J (1993) Requirement of salicylic 
acid for the induction of systemic acquired resistance. Science 
261: 754-756 

Godoy JA, Pardo JM, Pintor-Toro JA (1990) A tomato cDNA 
inducible by salt stress and abscisic acid: nucleotide sequence 
and expression pattern. Plant Mo1 Biol 15: 695-705 

Herde O, Pefia-CortCs H, Fisahn J (1995) Proteinase inhibitor I1 
gene expression induced by electrical stimulation and control of 
photosynthetic activity in tomato plants. Plant Cell Physiol 36: 

Hildmann T, Ebneth M, Peíía-CortCs H, Sanchez-Serrano J, 
Willmitzer L, Prat S (1992) General roles of abscisic and jas- 
monic acid in gene activation as a result of mechanical wound- 
ing. Plant Cell 4 1157-1170 

Keman A, Thomburg RW (1989) Auxin levels regulate the expres- 
sion of a wound-inducible proteinase inhibitor 11-chloramphenicol 
acetyl transferase gene fusion in vitro and in vivo. Plant Physiol91: 
73-78 

Knofel HD, Briickner C, Kramell R, Sembdner G, Schreiber K 
(1990) Radioimmunoassay for the natural plant growth regula- 
tor (-)-jasmonic acid. Biochem Physiol Pflanz 186 387-394 

Kogel KH, Ortel B, Jarosch B, Atzom R, Schiffer R, Wasternack 
C (1995) Resistance in barley against the powdery mildew fun- 
gus (Erysiphe graminis f.sp. hordei) is not associated with en- 
hanced levels of endogenous jasmonates. Eur J Plant Pathol101: 

Logemann J, Schell J, Willmitzer L (1987) Improved method for 
the isolation of RNA from plant tissue. Anal Biochem 163: 16-20 

Malamy J, Klessig D (1992) Salicylic acid and plant disease resis- 
tance. Plant J 2: 643-654 

Malone M, AlarcÓn JJ (1995) Only xylem-borne factors can ac- 
count for systemic wound signalling in the tomato plants. Planta 

Malone M, AlarcÓn JJ, Palumbo L (1994a) A hydraulic interpre- 
tation of rapid long-distance wound signalling in the tomato. 
Planta 193: 181-185 

Malone M, Palumbo JJ, Boari F, Monteleone M, Jones HG 
(1994b) The relationship behveen wound-induced hydraulic sig- 
nals and proteinase inhibitors in tomato plants. Plant Cell En- 
viron 17 81-87 

Malone M, Stankovic B (1991) Surface potentials and hydraulic 
signals in wheat leaves following localized wounding by heat. 
Plant Cell Environ 14: 431-436 

Martini N, Egen M, Riintz I, Strittmatter G (1993) Promoter 
sequences of a potato pathogenesis-related gene mediate tran- 
scriptional activation selectively upon -funga1 infection. Mo1 Gen 
Genet 236; 179-186 

McGurl B, Orozco-Cardenas M, Pearce G, Ryan CA (1994) Over- 
expression of the prosystemin gene in transgenic tomato plants 
generates a systemic signal that constitutively induces protein- 
ase inhibitor synthesis. Proc Natl Acad Sci USA 91: 9799-9802 

Melan MA, Donng X, Endara ME, Davis KR, Ausubel FM, 
Peterman K (1993) An Arabidopsis thaliana lipoxygenase gene 
can be induced by pathogens, abscisic acid, and methyl jas- 
monate. Plant Physiol 101: 441-451 

Pearce G, Strydom D, Johnson S ,  Ryan CA (1991) A polypeptide 
from tomato leaves induces the synthesis of wound-inducible 
proteinase inhibitor proteins. Science 253: 895-898 

Peita-CortCs H, Albrecht T, Prat S,  Weiler EW, Willmitzer L 
(1993) Aspirin prevents wound-induced gene expression in to- 
mato leaves by blocking jasmonic acid biosynthesis. Planta 191: 

Pefia-CortCs H, Fisahn J, Willmitzer L (1995) Signals involved in 
wound-induced proteinase inhibitor I1 gene expression in to- 
mato and potato plants. Proc Natl Acad Sci USA 9 2  4106-4113 

737-742 

319-332 

196 740-746 

123-128 



860 Herde et al. Plant Physiol. Vol. 11 2, 1996 

PeAa-Cortés H, Prat S ,  Atzorn R, Wastemack C, Willmitzer L 
(1996) ABA-deficient plants do not accumulate proteinase inhib- 
itor I1 following systemin treatment. Planta 198: 447451 

Pefia-Cortés H, Sanchez-Serrano J, Mertens R, Willmitzer L, Prat 
S (1989) Abscisic acid is involved in the wound-induced expres- 
sion of the proteinase inhibitor I1 gene in potato and tomato. 
Proc Natl Acad Sci USA 86: 9851-9855 

Pefia-Cortés H, Sanchez-Serrano J, Rocha-Sosa M, Willmitzer L 
(1988) Systemic induction of proteinase inhibitor I1 gene expres- 
sion in potato plants by wounding. Planta 174: 84-89 

Pefia-Cortés H, Willmitzer L (1995) The role of hormones in 
gene activation in response to wounding. In PJ Davies, ed, 
Plant Hormones: Physiology, Biochemistry and Molecular Bi- 
ology. Kluwer Academic, Dordrecht, The Netherlands, pp 
395-414 

Pefia-Cortes H, Willmitzer L, Sanchez-Serrano J (1991) Abscisic 
acid mediates wound induction but not developmental-specific 
expression of the proteinase inhibitor I1 gene family. Plant Cell 

Pickard BG (1973) Action potentials in higher plants. Bot Rev 3 9  

Raskin I (1992) Role of salicylic acid in plants. Annu Rev Plant 

3: 963-972 

172-201 

Physiol Plant Mo1 Biol 43: 439-463 
Ryan CA (1987) Oligosaccharide signalling in plants. Annu Rev 

Cell Biol 3: 295-317 
Ryan CA (1990) Protease inhibitors in plants: genes for improving 

defenses against insects and pathogens. Annu Rev Phytopathol 
28: 425-449 

Sanchez-Serrano J, Schmidt R, Schell J, Willmitzer L (1986) Nu- 
cleotide sequence of proteinase inhibitor I1 encoding cDNA of 
potato (Solanum tuberosum) and its mode of expression. Mo1 Gen 
Genet 203: 15-20 

Sembdner G, Parthier B (1993) Biochemistry, physiological and 
molecular actions of jasmonates. Annu Rev Plant Physiol Plant 
Mo1 Biol44 569-589 

Staswick PE (1992) Jasmonate, genes, and fragrant signals. Plant 
Physiol 9 9  804-807 

Staswick PE, Huang J-F, Rhee Y (1991) Nitrogen and methyl 
jasmonate induction of soybean vegetative storage protein 
genes. Plant Physiol 9 6  130-136 

Taylor IB, Linforth RST, Al-Naieb RJ, Bowman WR, Marples B 
(1988) The wilty tomato mutants flacca and sitiens are impaired 
in the oxidation of ABA-aldehyde to ABA. Plant Cell Environ 11: 
739-745 

Taylor JL, Fritzemeier KH, Hauser I, Kombrink E, Rhower F, 
Schroder M, Strittmatter G, Hahlbrock K (1990) Structural 
analysis and activation by funga1 infection of a gene encoding a 
pathogenesis-related protein in potato. Mo1 Plant-Microbe Inter- 
act 3: 72-77 

Thornburg RW, Li X (1991) Wounding Nicotiana tabacum leaves 
causes a decline in endogenous indole 3-acetic acid. Plant 
Physiol96 802-805 

Vernooij B, Uknes S ,  Ward E, Ryals J (1994) Salicylic acid as a 
signal molecule in plant-pathogen interactions. Curr Opin Cell 
Biol 6: 275-279 

Vick BA, Zimmermann DC (1983) The biosynthesis of jasmonic 
acid: a physiological role for plant lipoxygenase. Biochem Bio- 
phys Res Commun 111: 470477 

Vick BA, Zimmermann DC (1987) Oxidative systems for the 
modification of fatty acids. In PK Stumpf, EE Conn, eds, The 
Biochemistry of Plants, Vol 9. Academic Press, New York, pp  

Wildon DC, Doherty HM, Eagles G, Bowles DJ, Thain JF (1989) 
Systemic responses arising from localized heat stimuli in tomato 
plants. Ann Bot 6 4  691-695 

Wildon DC, Thain JF, Minchin PEH, Gubb IR, Reilly AJ, Skip- 
per YD, Doherty HM, O’Donnell PJ, Bowles DJ (1992) Electri- 
cal signalling and systemic proteinase inhibitor induction in the 
wounded plant. Nature 360: 62-65 

53-90 




